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Introductory paragraph
Oxide ion conductors find important technical applications in electrochemical devices such as solid oxide fuel cells (SOFCs), oxygen separation membranes and sensors [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Na 1/2 Bi 1/2 TiO 3 (NBT) is a well-known lead-free piezoelectric material; however, it is often reported to possess high leakage conductivity which is problematic for its piezoand ferroelectric applications [10] [11] [12] [13] [14] [15] . Here we report this high leakage to be oxide ion conduction due to Bi-deficiency and oxygen vacancies induced during materials processing. Mg-doping on the Ti-site increases the ionic conductivity to ~ 0.01 S cm and in the development of high temperature, high permittivity ceramic-based capacitors [10] [11] [12] [13] [14] [15] . NBT exhibits maximum relative permittivity,  r ~ 3000 at ~ 320 o C (T max ) and possesses a distorted perovskite structure with extensive chemical, cationdisplacement and octahedral tilt disorder. 14 The resulting complex nanodomain structure is well known to facilitate high and temperature stable permittivity behaviour which is suitable for the fabrication of high temperature ceramic capacitors in addition to easy phase switching under the application of a large electric field which creates large strains suitable for actuator applications [10] [11] [12] [13] [14] [15] . One drawback of NBT for piezoelectric and capacitor applications, however, is its high leakage conductivity 10, 11 . The piezoelectric properties and room temperature dc conductivity depend on the nominal starting composition 10, 11 , the origin of which has not been resolved. Here we report on the surprising and dramatic sensitivity of the ionic and electronic transport properties of NBT on low levels of A-site nonstoichiometry in the nominal starting composition. We demonstrate that the disordered NBT lattice, dominated by 'soft' covalent bonds, also facilitates rapid diffusion of oxygen ions and NBT may also be compositionally tuned by acceptor-doping (eg. The extracted  r from the capacitance associated with this arc is ~ 1700, Table S2 , and is consistent with the high bulk permittivity value for this ferroelectric material (see 4 Ref. 10, 11 and Fig. S4a ), indicating this arc is associated with a grain (bulk) response.
For NBT and Bi-deficient (NBi 0.49 T) compositions, similar capacitance and  r values are obtained from this arc, Table S2 , and therefore confirming it to be a bulk response; however, the associated bulk resistivity, R b decreases by ~ 3-4 orders of magnitude to ~ 1-2 k cm, inset in Fig. 1a .
An Arrhenius plot of the temperature dependence of the bulk conductivity, , where  16, 17 is given in Fig. 4 . The dominant oxide ion conduction in nominally stoichiometric and Bi-deficient NBT compositions is very surprising as the electrical conductivity in titanate-based perovskites is usually dominated by electronic conduction (electrons or holes) in most ranges of temperature and pO 2 18 . Although acceptor doping can lead to oxygen ionic conduction in perovskite titanates, significant levels of electronic conduction usually still persist 18 . There have been no reports of an oxide-ion conducting solid electrolyte based on a titanate perovskite. Why oxide ion conduction rather than electronic conduction is preferred in NBT is an interesting question and is discussed below.
Firstly, in terms of the non-stoichiometry and defect chemistry of NBT and secondly, the origin of high oxygen-ion mobility in NBT.
The oxygen vacancies in nominal (starting) stoichiometric NBT composition may be generated during sample processing due to loss of Bi 2 O 3 :
For compositions with a nominal starting Bi-deficiency (eg., NBi 0.49 T), additional oxygen vacancies can be generated, leading to higher oxide ion conductivity, Fig. 1b Table S1 , within instrument resolution and standard deviation associated with these techniques.
Thirdly, additional donor-doping experimental work shows 0.5 at% Nb-doping at the Figs. S9 and S10, means it is a good structural host not only for piezo-and ferroelectric phenomena but also for oxide-ion conductivity.
This study also confirms generally accepted knowledge that the 6s 2 lone pair electronic structure of Bi 3+ ions plays a crucial role in anion migration of many Bibased oxide ion conductors 22, 23 and extends the class of close packed structures from fluorites such as -Bi 2 O 3 to A-site Bi-based perovskites. 10 By adding a small excess of Bi 2 O 3 to the starting composition, i.e. Na 1/2 Bi 0.51 TiO 3.015 , oxygen vacancies are suppressed and electrical conductivity becomes much lower.
Although our focus here is on the high oxide ion conductivity in acceptor-doped NBT, the results are also significant for the piezoelectric and multilayer ceramic capacitor communities in solving the origin of the high leakage conductivity problem and how to adjust the nominal NBT composition for dielectric-based applications. Electron diffraction patterns and ferroelectric domain structures were obtained using Transmission Electron Microscopy (TEM). Impedance Spectroscopy measurements were performed using Au or Pt paste electrodes. Oxygen ion transport number measurements on ceramics were performed at 600-800 o C using air/N 2 gas. 18 
Methods

Powders
Additional information
Supplementary information is available in the online version of the paper. Reprints and permissions information is available online at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to D.C.S.
Competing financial interests
14
The authors declare no competing financial interests. in air. Prior to sintering the pellets were covered using powders of the same composition to reduce Na-and Bi-loss during the firing process. Pellet density was estimated by the Archimedes method and compared to that expected from the theoretical X-ray density.
Phase purity was checked by X-ray diffraction (XRD) using a high-resolution STOE IS data were corrected for sample geometry (thickness/area of pellet) and analysed using ZView (Version 2.9c, Scribner Associates Inc., USA). Impedance data were corrected for the influence of high frequency instrumental-related (impedance analyser, lead, and sample jig) inductance by performing a short circuit measurement.
Oxygen ion transport number measurements on ceramics were performed using a ProboStat system (NorECs Norwegian Electro Ceramics AS, Oslo, Norway). The sample was sealed onto a YSZ tube using a commercial glass frit. An oxygen partial pressure, pO 2 Fig. S1 . Fig. S1 . Schematic diagram of the set-up used for EMF measurements. 18 O tracer diffusion measurements were performed independently at RWTH Aachen University by M.J.P. and R.A.D.S. (Fig. 3) and at Imperial College London by S.N.C. and J.A.K. (Fig. S5) . The standard procedure for introducing an 18 O penetration profile into a solid from a large volume of gas was employed [3] [4] [5] .
For both measurements, a sample was first equilibrated for a time t eq (t eq 10 t) at the temperature and oxygen partial pressure of interest in oxygen of natural isotopic 5 abundance, and then quenched to room temperature. It was subsequently annealed for a time t, in highly 18 O-enriched gas at the same temperature and oxygen partial pressure.
Given the lengths of the 18 
Compositional analysis
Samples were analysed by EDS and ICP-AES and the cation ratios are normalised to 100% in Table S1 . For stoichiometric NBT, the theoretical Na, Bi and Ti percentage is 25.00 at%, 25.00 at% and 50.00 at%, respectively. The measured compositions of NBT, 
Dielectric properties
The temperature dependence of relative permittivity at 1 MHz for NBT, NBi 0.49 T and NBi 0.51 T, Fig. S4a , are similar to that reported in the literature. 8, 9 There is no significant difference between the three samples. The dielectric loss (tan  (Fig. 3) . The surface exchange coefficient (k*) is 1.73×10 -6 cm/s, which is three orders of magnitude higher than that (2.97×10 -9 cm/s) obtained by M.J.P.
and R.A.D.S. Such an enhancement of surface kinetics is due to the previously discussed application of Ag to the sample surfaces. 10 . In contrast, Na 1/2 La 1/2 TiO 3 is an electrically insulating perovskite that is a quantum paraelectric 11 . Given the low levels of A-site non-stoichiometry in NBT it is pertinent to consider the possibility of Na + ion conductivity in NBT, however, the pO 2 dependence of the Impedance Spectroscopy results (Fig. 2a-b) , the magnitude of the EMF transport measurements (Fig. 2d) and 18 O tracer diffusion data ( Fig. 3 and Fig. S5) support O 2-ions as opposed to Na + ions as the major mobile species and therefore the main charge carrier in conducting samples of NBT. 
Effect of Mg
Increased electrolyte domain for oxide ion conduction by Mg-doping
Many titanates exhibit p-type electrical conduction at higher pO 2 that switches to n-type conduction at lower pO 2 . 7 The p-type behaviour is typically related to low levels of acceptor-type impurities/dopants. For example, oxygen vacancies are created according to the following reaction:
At high oxygen activity p-type conduction occurs by the following reaction:
In a reducing atmosphere, n-type conduction occurs due to a low level of anion nonstoichiometry associated with oxygen loss, accompanied by partial reduction of Ti 4+ to Ti 3+ ions by the following reactions:
In NBT, there is no change in bulk electrical conductivity at 600 o C by varying the pO 2 from O 2 to N 2 . This is in sharp contrast to many other known titanates such as BaTiO 3 . 
Effect of donor doping on the electrical properties of NBT
Based on the defect chemistry discussed in the main paper, it is expected that donor doping (such as Nb 5+ at Ti-site) can fill the oxygen vacancies generated by Bi loss and suppress the oxide ion conductivity, equation 5-6: 
Crystal structure and ferroelectric domain structures
NBT has an ABO 3 perovskite-type structure but the crystal chemistry is complex with differences in the average and local structure being reported depending on the characterisation techniques used and whether the samples are ceramics or single crystals [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . On an average scale, based on neutron powder diffraction studies 12 , NBT is reported to exhibit a sequence of phase transitions (on cooling) from a high temperature cubic (space group Pm m), to tetragonal (space group, Pb4m) and then to a room temperature (RT) rhombohedral (space group R3c) structure. More recently, highresolution synchrotron powder x-ray diffraction data reveal the RT structure to be monoclinic (space group, Cc) [13] [14] [15] . A recent Transmission Electron Microscopy study on ceramics additionally revealed significant chemical, cation-displacement and tilt disorder of the NBT structure at the nano and mesoscale 16 . In particular, octahedral 
